Based on our previous results indicating the presence of a tumor suppressor gene (TSG), chromosome 21 was analysed for loss of heterozygosity (LOH) in 18 patients with acute myeloid leukemia (17, AML-M0; one, AML-M1). Allelotyping at polymorphic loci was performed on purified material, allowing unequivocal detection of allelic loss and homozygous deletions. Six AML-M0 patients shared a common region of LOH harboring a single gene: RUNX1 (AML1), the most frequent site of translocations in acute leukemia and a well-known fusion oncogene. Fluorescence in situ hybridization allowed the identification of deletions with breakpoints within RUNX1 in two patients as the cause of LOH. In the four others the LOH pattern and the presence of two karyotypically normal chromosomes 21 were in line with mitotic recombination. Further molecular and cytogenetic analyses showed that this caused homozygosity of primary RUNX1 mutations: two point mutations, a partial deletion and, most significantly, a complete deletion of RUNX1. These findings identify RUNX1 as a classical TSG: both alleles are mutated or absent in cancer cells from four of the 17 AML-M0 patients examined. In contrast to AML-M0, the AML-M1 patient was trisomic for chromosome 21 and has two mutated and one normal RUNX1 allele, suggesting that the order of mutagenic events leading to leukemia may influence the predominant tumor type.
Introduction
RUNX1 encodes the core binding protein (CBP) a subunit of a heterodimeric transcription factor complex involved in the regulation of hematopoiesis and contains a Runt DNA-binding domain (Tanaka et al., 1997) . This 128 amino-acid domain is an evolutionarily conserved protein motif that is responsible both for DNA binding and heterodimerization with the b subunit (Meyers et al., 1993; Kagoshima et al., 1996) . The b subunit, encoded by the CBFB gene, does not directly bind DNA but enhances the ability of the a subunit to do so (Ogawa et al., 1993; Wang et al., 1993) .
A number of hematopoietic specific genes are activated by RUNX1, such as interleukin-3 (Uchida et al., 1997) , granulocyte-macrophage colony-stimulating factor (Cockerill et al., 1996) and myeloperoxidase (Friedman et al., 1996) . RUNX1 per se is not sufficient for transcriptional activation. It has been hypothesized that RUNX1 acts as an organizing factor that coordinates the assembly of transcriptional activation complexes (Redondo et al., 1992; Wang and Speck, 1992; Giese et al., 1995; Meyers and Hiebert, 1995; Lenny et al., 1997) . Supporting this view are reports of the interactions between RUNX1 and other transcription factors, such as Ets or C/EBPa (Giese et al., 1995; Zhang et al., 1996; Petrovick et al., 1998; Westendorf et al., 1998; Mao et al., 1999) , and between RUNX1 and coactivator proteins such as p300/CREB-binding protein and YAP (Sudol, 1994; Kitabayashi et al., 1998) .
RUNX1 is the most frequent site of translocations in acute leukemia such as t(8;21)(q22;q22) associated with AML-M2 and t(12;21)(p13;q22) associated with pediatric ALL (Look, 1997) . The fusion onco-proteins resulting from these translocations, AML1-ETO and TEL-AML1, respectively, were suggested to act as transcriptional repressors in a dominant-negative manner, by recruiting corepressors and blocking the transcription of the wild-type allele (Hiebert et al., 2001) . These chimeric proteins retain their RUNT domain and might also suppress transactivation by dimerizing with CBFB in a more efficient manner than wild-type RUNX1 (Michaud et al., 2002) .
Mutations in RUNX1 have been observed in familial platelet disorder (FPD), a disease with predisposition to AML (Song et al., 1999; Buijs et al., 2001; Michaud et al., 2002) . In addition, mutations, some of which were biallelic, have been observed in sporadic leukemias (Osato et al., 1999; Preudhomme et al., 2000) . Furthermore RUNX3, a gene of the same family of RUNX1, was found to be a tumor suppressor gene in gastric carcinogenesis (Lund and van Lohuizen, 2002) . This suggests that RUNX1 might also function as a tumor suppressor gene (TSG). In recent years, the number of TSG alterations associated with hematological malignancies has grown (Krug et al., 2002) . Genetically, recessive TSGs are inactivated by two sequential mutational events (Knudson, 1993) , the second often resulting in loss of heterozygosity (LOH). LOH analysis, although widely used to map regions of chromosomes harboring candidate TSGs, has rarely identified these genes and the usefulness of this technique has been questioned (Devilee et al., 2001) .
The major pattern of LOH in primary and transformed lymphocytes is in agreement with mitotic recombination (MR) as the LOH-generating mechanism (de Nooij-Van Dalen et al., 1998 , 2001 Holt et al., 1999; Vrieling, 2001) . MR reduces a chromosome region to homozygosity without changing chromosome ploidy and can be efficiently identified by genotyping polymorphic markers for telomeric regions . Using this approach in a previous study, we identified a candidate TSG on chromosome 21 in a patient diagnosed with acute minimally differentiated leukemia (AML-M0) . In the present study, we identify RUNX1 as the specific target for LOH in six of 17 AML-M0 patients. Further molecular and cytogenetic analyses have identified two consecutive mutational hits completely deleting the RUNX1 gene in one patient and duplicating RUNX1 mutations in three other patients. Our data strongly suggest that, in addition to its previously reported role in dominantly acting fusion oncogenes, RUNX1 may also act as a classical TSG.
Results
Six patients shared a small common region of LOH harboring a single gene: RUNX1
The number of TSGs identified in sporadic cancer by LOH analysis is limited, mainly due to tumor heterogeneity or impurity of the tumor sample (Devilee et al., 2001) . To obtain pure tumor and control material, we sorted leukemic blasts and control T cells by flow cytometry from archive material of 18 patients, 17 diagnosed with acute minimally differentiated myeloid leukemia (AML-M0) and 1 with AML-M1 (Table 1) .
DNA isolated from these purified cells was analysed with polymorphic markers derived from the q-arm of chromosome 21 (Figure 1a ). In the blasts of patients 2, 5, 7, 11, 14, 18 and 19 the signal of only a single allele was retained at one to several loci. In four patients (7, 11, 18 and 19) LOH covered a major part of the q arm to the telomere. In the patients from which a karyotype was made, no cytogenetic abnormalities in chromosome 21 were detected ( Table 1 ), indicating that LOH occurred by MR. Evidently, little information about the exact location of a TSG is provided by the extended LOH patterns resulting from MR. Fortunately, a small region of LOH was present in patient 14. LOH observed in this patient at D21S211 warranted further investigation, since this marker appeared homozygously deleted in blasts from patient 18 and because of its close location to RUNX1.
The 3-Mb region containing RUNX1 was analysed with a further set of eight markers (Figure 1b) . Indeed, RUNX1 was the target for LOH: patient 14 showed LOH from markers 57-76 to D21S211, in patient 2 45,XY,À3,add(5)(q11),À6, der(7)t(6;7)(p?;p22), del(7)(q32),der(17)t(6;17)(?;p11.2),der(21) t(3;21)(?;q22),ins(21;6)(q22;?),+r (6) 45,XY,À3,der(5)t(3;5),À6, der(7)t(6;7), der(17)t(7;17),der (21) Figure 1 Loss of heterozygosity analyses. (a) LOH was accessed using chromosome 21 q-arm polymorphic markers, in particular markers at the telomeric region to detect MR. The markers used and their genomic positions are listed on the left side. At markers where LOH is indicated the loss of one allele in the tumor cells was >95%. SROs (small regions of overlap) were detected at D21S211 and D21S1446. The LOH at marker D21S1446 in patient 5 was considered less relevant, since we could not exclude nonspecific LOH because of both the telomeric position of this marker and the many chromosomal abnormalities present in patient 5 (Table 1) . (b) Based on the LOH in patient 14 and the absence in patient 18 of D21S211, more detailed LOH studies were conducted for the region from 31.5 to 34.4 Mb, which harbors D21S211 and RUNX1. The markers used are listed on the left alongside with the genomic organization of RUNX1 (exons 1-8). Gaps A, B and C represent approximately 780, 600 and 800 kb, respectively. ', LOH; , noninformative; , heterozygous, no LOH; , allelic imbalance (AI); , deletion and , not done LOH started within or close to RUNX1 and in patient 18 LOH was interrupted by a region of complete absence of PCR products from D21S65 to D21S211. Additionally, marker 47-237 could repeatedly not be amplified in DNA from blasts of patient 19, suggesting an intragenic homozygous deletion. The pattern of LOH as observed in the patients 7, 11, 18 and 19 was consistent with LOH by MR (Figure 1a ,b). In the remaining patients no LOH was observed in the RUNX1 region. PCR product quantification led to the detection of an imbalance of allelic products (AI) in patient 2, with a 1 : 2 ratio of multiple markers flanking the region of LOH ( Figure 1a ). The karyotype of patient 2 showed monosomy of chromosome 21 and two marker chromosomes. Combined binary ratio labeling (COBRA) analysis detected these as being derived from chromosome 21 (Table 1) , explaining the LOH and AI patterns observed. AI in a 1 : 2 ratio was also detected in patient 12, throughout the entire q arm, in line with trisomy 21. The presence of three copies of RUNX1 was also confirmed by fluorescence in situ hybridization (FISH) experiments (Table 2 and below).
Homozygous and hemizygous deletions of RUNX1 were detected by fluorescence in situ hybridization (FISH)
The LOH breakpoints and homozygous deletions strongly indicate that RUNX1 functions as a tumor suppressor. To confirm and precisely map the deletions, metaphase chromosome spreads derived from patients 2, 14 and 18 were analysed with a set of BAC/PAC probes by FISH (Table 2 and Figure 2 ). In patient 2, three hybridization signals were observed using probes for the chromosome 21 centromeric region and probes distal from RP1-122C7, identifying the chromosome 21 and both marker chromosomes. The remaining probes gave single signals, indicating the existence of a deletion of approximately 21-Mb starting within RUNX1 and ending at bC067E3 (Table 2 , Figure 2b , panels a,b). The deletion started in RP1-140K16 between markers 56-85 and 57-76, included D21S211 and ended within RP1-169K17, indicating a deletion that includes the first 4-6 exons of RUNX1. In patient 18, the homozygous deletion, including the entire RUNX1 gene, was confirmed and stretched over 2 Mb from RP1-24J14 to RP11-79A12. Both regions flanking the deletion were present in two copies (Figure 2b , panels e,f) in line with MR as the mechanism of LOH.
Loss-of-function point mutations were detected in RUNX1 binding domain in three patients
To evaluate further the possibility that RUNX1 is a TSG, we sequenced both tumor and control cells DNA derived from all patients at exons 3-5 (Miyoshi et al., 1995) encoding the DNA binding domain. The DNA binding domain is the region where most mutations have been reported (Osato et al., 1999; Song et al., 1999; Preudhomme et al., 2000; Michaud et al., 2002) . Of the five patients showing LOH or AI (excluding patients 18 and 19 with deletions), we detected mutations in three (patients 7, 11 and 12 (Figure 3) ). No mutations were found in patients without LOH. The G to T mutation in patient 7 resulted in a Trp>Cys change at position 79. The G to A missense mutation in patient 12 resulted in an Asp>Asn change at position 171. In patient 11, the mutation changed the conserved GT splice donor site of intron 4 to AT. None of the three mutations were found in the control T cells, which showed that they were somatically acquired. In two patients (7 and 11), only the mutated allele was present, whereas in patient 12 the wild-type allele and the mutated allele were present in a ratio of 1 : 2 in accordance with the karyotype and LOH results. 
Discussion
We have shown that RUNX1 is a frequent target for LOH, occurring in 35% (6/17) of patients with the undifferentiated form of AML. Seven out of 18 patients, 39%, harbored hetero-or homozygous RUNX1 mutations. For AML-M0 the percentage is 1.7-fold higher than reported previously using single-stranded conformation polymorphism (SSCP) analyses (Preudhomme et al., 2000) . Of the seven RUNX1 mutations found, six have not been described before. In 24% of the AML-M0 cases studied, RUNX1 became inactivated by two sequential 'hits' in accordance with Knudsons 'two hit' hypothesis (Knudson, 1993) . By detecting the homozygous mutations in patients 7, 11, 18 and 19, and revealing the mechanisms of biallelic inactivation, we show that RUNX1 is genetically a TSG whose absence or biallelic mutation can lead to AML-M0. In patients 18 and 19, the first hit was a deletion, whereas in patients 7 and 11, the first hit was a point mutation. The extent of loss of heterozygosity combined with the presence of two apparently normal chromosomes 21 indicates that in at least three cases the first hit was duplicated by MR, resulting in a total loss of the wild-type allele (Figure 4 ). In patients 2 and 14, only one allele of RUNX1 was found mutated, as a result of deletions starting within RUNX1. Although no point mutations were found in exons 3-5 of the other allele, the existence of mutations in the remaining RUNX1 sequence is still a possibility. Mutated DNA sequenced from blasts of the patients (top) is compared with normal DNA sequences of control T cells of the same patients (bottom). Arrows indicate the mutations. In patient 12, the solid, black peak is the wild-type nucleotide G. The ratio between the wild-type nucleotide G and the mutant nucleotide A is approximately 1 : 2. (b) In patient 7, the mutation G>T results in a Trp>Cys change at position 79. The G>A substitution in patient 11 changed the conserved GT splice donor site of intron 4 to AT. Finally, in patient 12, the G>A mutation results in an Asp>Asn change in position 171. Amino-acid position is given according to Miyoshi et al. (1995) RUNX1 a tumor suppressor gene FPG Silva et al It has been shown that mutations truncating the DNA binding domain will result in loss-of-function of the protein (Michaud et al., 2002) . In patient 11, a G>A substitution changed the conserved GT splice donor site of intron 4 to AT. Exon skipping or use of a cryptic splice site as a result of this mutation will severely affect or truncate the RUNT domain. Missense mutations were also reported as causing loss-of-function of RUNX1 (Nagata and Werner, 2001) . Position 79, changed in patient 7 from Trp>Cys, is part of a loop in the DNA binding domain responsible for the binding to the DNA major groove. Known mutations in the neighboring Arg80, Cys81 and Lys83 residues result in loss of binding function (Nagata and Werner, 2001; Tahirov et al., 2001) . Recently, an identical mutation has been described in an AML-M0 patient (Langabeer et al., 2002) . Residue 171, changed in patient 12 from Asp>Asn, interacts by hydrogen bonds with the DNA major groove and with Arg174 in order to fix the orientation of its guanidinium group for interaction with DNA (Tahirov et al., 2001) . A similar bi-allelic Asp>Gly change at position 171 found in an AML-M0 patient (Preudhomme et al., 2000) resulted in loss of DNA binding (Nagata and Werner, 2001; Tahirov et al., 2001 ). An hereditary monoallelic mutation in the same position, Asp>Tyr, resulted in FDP which subsequently evolved to AML in two members of a family with this mutation (Buijs et al., 2001) . This is the first study where a total homozygous deletion of RUNX1 is reported, linking total loss of RUNX1 to AML-M0. In RUNX1 À/À mice a complete block in fetal liver hematopoiesis was observed underscoring the importance of RUNX1 in normal definitive hematopoiesis (Wang et al., 1996) . Thus, AML-M0 cells may well correspond to differentiation-blocked precursor cells that underwent clonal expansion. As with other tumor suppressor genes, RUNX1 per se will probably not be the sole responsible gene for the development of leukemia and its progression must be accompanied by somatic mutations in other target genes leading to a growth advantage (Speck and Gilliland, 2002) . However, RUNX1 is probably a very important factor in defining the type of malignancy. To date, in RUNX1 biallelic mutations and homozygous deletions are found only in AML-M0 patients (Osato et al., 1999; Preudhomme et al., 2000; this study) . Furthermore, various translocations involving RUNX1, which result in dominant-negative oncoproteins that repress the transcription of RUNX1 target genes, are always associated with a defined leukemic phenotype (Look, 1997) . Amplification and overexpression of RUNX1 was found related to childhood acute lymphoblastic leukemia (Mikhail et al., 2002) . The importance of the type of the RUNX1 mutation in defining the phenotype is well illustrated by a case of essential thrombocythemia reported by Preudhomme et al. (2000) . Strikingly, in this patient, who presented two mutated alleles and one wild-type allele (trisomy), progression to AML-M0 was accompanied by loss of the wild-type allele (disomy).
Heterozygous germline mutations in RUNX1 result in haplo-insufficiency in FPD patients with predisposition to AML. Some of the mutations found were common to sporadic AML, including AML-M0 (Speck and Gilliland, 2002) . In light of our results and the high percentage of MR-type of LOH, one would expect a high frequency of AML-M0 among the leukemias arising in FPD patients. Only limited data are available but progression of FPD to AML-M0 has not been reported. In one of the studies, an FPD patient progressed from MDS to AML-M1. This progression was accompanied by a change in karyotype to trisomy 21 (Buijs et al., 2001 ). In the current study, patient 12 also shows trisomy and AML-M1. Five other non-AML-M0 leukemias with acquired trisomy and mutation in RUNX1 involving two of the three copies of the gene have been found (Preudhomme et al., 2000) . These data raise the possibility that starting from a heterozygous somatic or germ line mutation, AML may develop following the duplication of the chromosome carrying the mutated allele (Figure 4) . Interestingly, in two other cases of FPD with leukemia, a wild-type allele could still be found in the leukemic cells, but no information was provided about the karyotype (Song et al., 1999) .
In transformed lymphoblastoid cells both MR and chromosome loss with concomitant duplication resulting in complete uniparental disomy seems to be the mechanisms contributing equally to LOH (de NooijVan Dalen et al., 1998). This isodisomy may occur by Figure 4 Inactivation of RUNX1 according to the Knudson twohit hypothesis (Knudson, 1993) , based on LOH, cytogenetic and sequencing data. Two chromosome 21 homologues including the normal RUNX1 ( ) gene are depicted at the top. The first 'hit' is a point mutation ( ) in patients 7, 11 and 12, an intragenic deletion in p.19 and a deletion covering the entire RUNX1 gene in p.18. Mitotic recombination appears to be the second 'hit', duplicating the first mutation in patients 11,18, 19 and most likely 7. In patients 14 and 2, only one 'hit', inactivating RUNX1, was detected: a deletion in p.14 and a more complex chromosomal breakage and duplication in p.2. In patient 12 (AML-M1) duplication of the chromosome 21 with the mutated gene does not follow the Knudson hypothesis. One active RUNX1 allele is still present and one additional nondisjunction would be required for complete inactivation RUNX1 a tumor suppressor gene FPG Silva et al two successive rounds of mitotic nondisjunction involving trisomy after the first nondisjunction event. The trisomy 21 observed in non-AML-M0 patients might reflect this type of mechanism. We therefore speculate that the type of AML that will develop in FPD patients or individuals with precursor cells harboring a sporadic RUNX1 mutation will depend on the order of further mutations. In AML-M0 inactivation of the second RUNX1 allele may occur before mutations resulting in a proliferative advantage. Cells in which growth is deregulated first may develop non-AML-M0 because of the increased chance of nondisjunction.
It is interesting to note that given the high number of extended LOH patterns including the telomere (22%) observed in this study, LOH analysis at telomeric regions appears an effective approach to identify chromosomes harboring critical TSG. More precise localization of the potential TSG usually requires identification of local deletions. Through use of purified populations of patient-derived cells, both hemi-and homozygous deletions could be detected in four out of 18 patients in this study, indicating that LOH analysis may prove to be a valuable general method to localize TSG.
Materials and methods

Patients samples
In all, 18 patients diagnosed at the Department of Hematology of the Leiden University Medical Centrum either with AML-M0 or AML-M1 (Table 1) were used in this study. Patients were selected based on their similarity with patient 19 described previously and on the availability of cryopreserved pretreatment cell samples. Classification was based on morphology, cytochemistry and immunophenotype, as determined by flow cytometry, following the French-American-British classification (Bennett et al., 1985 (Bennett et al., , 1991 .
Sorting by flow cytometry
Leukemic blasts and control T cells were sorted by flow cytometry from cryopreserved mononuclear cells isolated from bone marrow or peripheral blood at the time of diagnose. An average of 20 Â 10 6 cells was labeled with CD3-FITC and CD13-, CD33-or CD34-PE (Becton Dickinson) according to the blast-specific immunophenotype. Viable cells (viability being based upon the forward and side scatter profile) were analysed and sorted with a Becton Dickinson FACS Vantage following standard procedures. Leukemic cells were sorted by gating the CD13 + , CD33 + or CD34 + population (PE/FL2), and T cells were obtained by gating the CD3 + population (FITC/FL1). Care was taken to avoid the inclusion of nuclei by using an appropriate threshold level.
Culturing
For diagnostic karyotyping, samples were cultured for 24, 48 or 72 h. For further cytogenetic analysis, 3.3-10 Â 10 6 cryopreserved cells were grown for 72 h in Amniogrow medium (Cytocell).
In some patients, the fraction of CD3 + cells was too low (0.5-1%) to obtain sufficient control material. For these, T cells were expanded in vitro from 1.6 to 5 Â 10 6 cells as previously described (van Dam et al., 1992) . Culturing continued until the percentage of CD3 + cells was larger than 95%, as determined by flow cytometry.
LOH analysis
For DNA isolation >10 5 sorted cells were spun down for 10 min at 2000 r.p.m. The cell pellet was resuspended in DNA lysis buffer: 10 mm Tris-HCl (pH 8.3), 0.5% Tween-20, 1 mm EDTA and 0.4 mg/ml proteinase K at a concentration of 100-1000 cells/ml. Cells that were sorted in lower yields were resuspended directly into lysis buffer at a minimal concentration of 50 cells/ml. Following incubation at 561C overnight, the DNA lysates were incubated at 1001C for 10 min to inactivate proteinase K and stored at 41C. An Invisorb TwinPrep DNA/ RNA Kit (Invitek) was used to isolate DNA from >2 Â 10 6 total cells or expanded T cells.
LOH was assessed using polymorphic microsatellite markers (see web sites: http://www.gdb.org/, http://www.ncbi.nlm.nih.-gov and http://hgp.gsc.riken.gov.jp). Polymorphic markers within RUNX1 are described elsewhere (Song et al., 1999) . Polymerase chain reaction (PCR) conditions and LOH analysis was performed as described previously (de NooijVan Dalen et al., 2001) .
Karyotyping
Metaphase preparations from the cultured cells were obtained according to standard cytogenetic techniques. Cytogenetic analysis was performed on GTG-banded chromosomes and the karyotype was assigned according to the International System for Human Cytogenetic Nomenclature (ISCN) criteria (Mitelman, 1995) .
COBRA
The 24-color COBRA-FISH experiments were performed as previously described (Tanke et al., 1999) . Image analysis was performed using software implemented on a Power Macintosh 8100 designed to classify chromosomes on the basis of COBRA labeling.
Fluorescence in situ Hybridization analyses
Chromosome preparations were cohybridized in situ with Cy3 (NEN)-or FluorX (Amersham)-labeled probes prepared by nick translation (Lichter et al., 1990) . Briefly, 600 ng of labeled probe was used per FISH hybridization, which was performed at 371C in 2 Â SSC, 50% (v/v) formamide, 10% (w/v) dextran sulpfate, 5 mg COT1 DNA (BRL), and 3 mg sonicated salmon sperm DNA, in a volume of 10 ml. Posthybridization washing was at 421C in 2 Â SSC-50% formamide ( Â 3) followed by three washes in 0.1 Â SSC at 601C. Chromosomes were identified by simultaneous DAPI (blue) staining which produces a Q-banding pattern. Digital images were captured using a Leica DMRXA epifluorescence microscope equipped with a cooled CCD camera (Princeton Instruments). Cy3, FluorX and DAPI fluorescence signals were recorded separately as gray-scale images, using appropriate filters. Pseudocoloring was performed using Adobe Photoshop software.
As FISH probes the P De Jong RP1 PACs and RP11 BACs used were chosen by querying their sequences at the RIKEN Center site (http://hgp.gsc.riken.go.jp/chr21/) and NCBI database (http://www.ncbi.nlm.nih.gov/). The precise position of the end sequences of the probes was established by BLASTN search against the complete sequence of chromosome 21. BACs bC215A8 and bC067E3 were obtained from CEPH, as reported in the Web site (http://www.biologia. uniba.it/rmc/2-YAC-BAC/YAC-BAC-Chromosome/BAC-21. html). pZ21A is an alphoid probe specific for chromosomes 13 and 21 (http://www.biologia.uniba.it/rmc/5-alfoidi/alf-13-21.html).
DNA sequencing
We amplified exons 3-5 of RUNX1 from genomic DNA in two independent PCRs. The sequencing primers for exons 3-5 of RUNX1 are as follows: 3F external: ATC CCA AGC TAG GAA GAC CGA C, 3R external: AGC TGC TTG CTG AAG ATC C, 3F internal: GCC TGT CCT CCC ACC ACC CTC TC, 3R internal: TGT TTG CAG GGT CCT AAC TCA ATC, 4F external: GAC CGA GTT TCT AGG GAT TC, 4R external: CAT TGC TAT TCC TCT GCA ACC, 4F internal: GTG GGT TTG TTG CCA TGA AAC G, 4R internal: CAT CCC TGA TGT CTG CAT TTG TCC, 5F external: GGG GGA AAG GTT GAA CCC AA, 5R external: TTG TGC TGA AGG GCT GGA CA, 5F internal: CCA CCA ACC TCA TTC TGT TT and 5R internal: AGA CAT GGT CCC TGA GTA TA (where F stands for forward primer and R for reverse primer). For genomic amplification we used the following PCR conditions: denaturation at 951C for 5 min; 34 subsequent amplification cycles performed at 951C for 30 s, at 581C for 1 to 3 min and at 721C for 1 min: and a final step at 721C for 10 min. PCR products were purified with QIAquick PCR Purification Kit (Quiagen) and sequenced by capillary electrophoresis on an ABI Prism 3700 DNA Analyser (PEApplied Biosystems), using the Big Dye terminator cycle sequencing kit (PE-Applied Biosystems). Both forward and reverse strands were analysed by BLAST (http:// www.ncbi.nlm.nih.gov/BLAST/). Mutations were confirmed by repeating PCR and sequencing reactions.
